and spectrophotometry, 7, 8 seem to be well established, there is an obvious lack of on-line sensing methods. Flow-injection analysis (FIA) 9 and the potentiometric method 10 for berberine may be alternative methods. However, a tedious pretreatment and a poor selectivity limit their application. Recently, reversible optodes for the assay of pharmaceuticals have received considerable attention. [11] [12] [13] A reversible optode for berberine based on fluorescence quenching of 1,4-bis(1,3-benzoxazoly-2-yl)benzene (BBOB) in a plasticized PVC membrane was reported by our group. 14 While this is a promising approach for on-line sensing, and has all the advantages of optical sensors, 15 it suffers from BBOB leaching from the membrane to the sample solution and having low sensitivity.
The search for sensing materials that steadily immobilize in an optode membrane is an important factor in the development of an optode. We report here on a sensitive optode membrane for berberine using a conjugated polymer as a sensing material. PDPA was synthesized by 1,4-dimethoxy-2,5-diiodobenzene reacting with acetylene using CuI and Pd(PPh3)2Cl2 as catalysts. This conjugated polymer, being its chemical structure ( Fig. 1 ) and lipophilic characteristics, shows high stability in a PVC membrane and an increasing lifetime of the optode. In addition, by introducing a negatively charged lipophilic additive (tetraphenylborate salt) into the organic membrane (PVC), surprisingly, an enhanced sensitivity was obtained and a detection limit of 7.5 × 10 -7 mol l -1 of berberine could be achieved. A new optode membrane for the sensitive determination of berberine based on fluorescence quenching of a conjugated polymer, poly(2,5-dimethoxy-phenyldiacetylene) (PDPA), is proposed. Incorporated in a membrane composed of plasticized poly(vinyl chloride) (PVC), the conjugated polymer exhibits better stability than those small sensing molecules regarding its excellent optical properties and lipophilic characteristics. Moreover, upon the introduction of a negatively charged lipophilic additive (tetraphenylborate salt) into a PVC membrane, the optode displayed enhanced sensitivity. In addition, satisfactory analytical sensing characteristics for determining beberine were obtained in terms of the selectivity, reversibility and reproducibility with a detecting range of between 7.5 × 10 -7 mol l -1 and 7.5 × 10 -4 mol l -1 . The optode membrane has been applied to determine berberine in commercial tablets. The results showed a good agreement with those obtained by the pharmacopoeial method. 
Experimental

Apparatus and reagents
All fluorescence intensities were measured with a Hitachi F-2500 fluorescence spectrophotometer (Kyoto, Japan) equipped with a pulsed xenon lamp. For measuring fluorescence quenching, the excitation bandpass was set at 2.5 nm and the emission at 5.0 nm. Berberine sensing measurements were carried out using a flow-through cell, similar to the device design described elsewhere. 16 The solution pH was measured with a commercial pH meter (Model PHS-3C, Shanghai, China) and adjusted when necessary. Data processing was performed on a PC-80586 computer.
Relatively high molecular mass poly(vinyl chloride) (PVC) was obtained from Zhuzhou Chemical Plant. Tetrahydrofuran (THF), bis(2-ethylhexyl)sebacate (DOS), bis(2-ethylhexyl)-phthalate (DOP), 2-nitrophenyloctylether (NPOE) and sodium tetraphenylborate (NaTPB) were obtained from Shanghai Chemical. Potassium tetrakis(p-chlorophenyl)borate (KTpCLPB) was purchased from Fluka. Berberine hydrochloride dihydrate was purchased from Shanghai Pharmaceutical Institute. A stock standard solution of berberine (1.0 × 10 -3 mol l -1 ) was obtained by dissolving 0.407 g of berberine hydrochloride dihydrate in hot water and diluting to 1 l with redistilled water. Berberine solutions of other concentrations were obtained by the serial dilution of a stock standard solution with a sodium acetate/acetic acid (NaAc-HAc) buffer solution. Except as specified, all of the experiments were performed in an NaAc-HAc buffer solution at pH = 4.70.
The new fluorescence polymer PDPA was synthesized by a one-step reaction of 1,4-dimethoxy-2,5-diiodobenzene and acetylene, as previously described. 17 
Membrane preparation
Measuring membranes were prepared by 4.0 mg of PDPA, 5.0 mg of NaTPB, 50 mg of PVC and 100 mg of DOS in 2 ml of freshly distilled THF. The mixture was smeared as an approximate 4 µm thick membrane onto the surface of a glass slide by a spin-on device. 18 Before measurements, the membrane was placed in air for 2 h at room temperature to evaporate the THF. It was placed in an NaAc-HAc buffer solution of pH 4.70 when not in use.
Fluorescence measurement
A membrane was tightly mounted in a flow-through cell. Exciting light from the xenon lamp was focused onto the membrane at an appropriate angle to guarantee detection of the fluorescence emission intensity without interference from the excitation source. After the sample solution had been in contact with the membrane for 1 min, the fluorescence intensity of the optode was measured at the PDPA spectral maxima (ex = 396 nm/em = 446 nm). After each measurement, the membrane was rinsed with a buffer solution until the original fluorescence intensity of the optode recovered.
Liquid-liquid extraction experiments
Liquid-liquid extraction experiments were performed as follows. A suitable aliquot of berberine solution was taken into a 50 ml calibrated flask and a buffer solution was added to the mark. Different concentrations of berberine (20 ml) were respectively added into the organic phase (10 ml CHCl3 or DOS as solvent), which contained 1.0 × 10 -5 mol l -1 of the PDPA and/or 1.0 × 10 -4 mol l -1 of tetraphenylborate salt. The solution was transferred into a separation funnel and thoroughly mixed for 5 min. The fluorescence of the organic phases was then measured.
Sample preparation
Berberine tablets (made from different local pharmaceutical plants) were obtained from the local market. Having carefully been peeled the sugar coating off, the tablets were pulverized by gentle grinding. An accurately weighed portion of berberine was dissolved in 25 ml of boiling water. The cooled solution was then diluted to 100 ml with a buffer solution. The resulting solution was filtered and the filtrate was collected for an analytical determination.
Results and Discussion
Principle of operation
In order to be useful for applications in (optode) analytical chemistry, sensing materials incorporated in PVC need to be lipophilic and possess good analytical properties. Conjugated π-electrons of PDPA ( Fig. 1 ) exhibits high lipophilicity and strong fluorescence owing to the conjugated bond system and the high mobility of its π-electrons migration. A fluorescent conjugated polymer is quenched by an analyte with considerably higher efficiency compared to its monomer because of energy migration processes. 19, 20 π-Stacking of the PDPA backbone behaves as a charge-donor capable of forming a charge-transfer complex with charge-acceptor analytes. Figure 1 shows the fluorescence emission spectra of the optode membrane incorporating PDPA exposed to different concentrations of berberine. From Fig. 1 , it is evident that the presence of berberine leads to a decrease in the fluorescence intensity of PDPA. This illustrates that the optode can be used for the assay of berberine in aqueous solution.
As reported elsewhere, 14 when the berberine in aqueous solution (Baq) enters a membrane containing PDPA (Porg), the following processes take place:
The overall process can be described by
where K represents the equilibrium constant for the combination of P and B. If the activity coefficients are neglected, the corresponding equilibrium constant, (K) can be expressed by the law of mass action,
where Kd and β denote the distribution coefficient and complex formation constant, respectively. According to the above discussion, we can describe the quantitative equation as 14
where α, the relative fluorescence value, is the ratio of the free PDPA concentration [Porg] to the total concentration of PDPA present in the membrane (Cp). α can be calculated using
where F1 and F0 are the fluorescence intensity of the optode membrane in the blank buffer solution, and completely complexed by berberine. F is the fluorescence intensity of the optode membrane actually measured when the membrane is contacted with solutions of different concentrations of berberine. Equation (5) can serve as the basis for a quantitative determination of berberine. Using the curve-fitting procedure, 18 the response of the sensor to various concentrations of berberine is shown in Fig. 2 . It can be seen from Fig. 2 that only the theoretical function of the m:n = 1:1 complex of berberine/PDPA and the equilibrium constant (K) of 1.48 × 10 4 are the best fits to the experimental data. Based on the formation of a 1:1 complex, the quenching efficiency as a function of the berberine concentration can also be expressed by the Stern-Volmer equation,
The quenching constant (K′) for berberine to an optode membrane can be estimated by the equilibrium constant (K) of Eq. (5). Figure 3 shows plots of the signal changes of optode membranes doped with (a) and without (b) NaTPB exposed to various concentrations of berberine. From a plot, the quenching constants (K′) for berberine to the optode membrane were estimated by interceptings. By introducing a negatively charged lipophilic additive (tetraphenylborate salt) into a PVC membrane, an enhanced sensitivity was observed, and the quenching constant increased to 1.48 × 10 4 . The detection limit, taken as the concentration that gave a signal equal to three-times the standard deviation of the blank signal, was 7.5 × 10 -7 mol l -1 . Experiments (not listed) indicated that NaTPB, itself, did not influence the fluorescence intensity of PDPA in the membrane. The enhanced sensitivity may be attributed to the NaTPB existing in the PVC membrane, changing the structure
Effect of tetraphenylborate salt in the PVC membrane
of the membrane and improving the passing efficiency of berberine into the organic membrane. It favorably makes much more berberine extract into the membrane, and leads to a higher quenching fluorescence of PDPA.
It is prevalent that tetraphenylborate salt, as lipophilic anionic sites, is used in the optode membrane for determining metal cations to ensure a sufficiently high amount of cations in the membrane. 21, 22 Berberine is a quaternary ammonium compound; tetraphenylborate salt used in a membrane may also increase its amount in the organic phase. Figure 4 shows the relative fluorescence (F/F1) (ex = 396 nm/em = 446 nm) when the system contains NaTPB and KTpCLPB, respectively, where F and F1 represent the fluoresence intensity in presence of and in absence of berberine, respectively. The results showed that when tetraphenylborate salt was employed, a large decrease of fluorescence in the organic phase was observed. On the other hand, as an anion 1113 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 additive, NaTPB was better than KTpCLPB, perhaps due to their different molecular structure and three-dimensional effect.
Optimization of optode membrane
The optode membrane response to the analyte may be changed by varying the compositions of the membrane cocktail. This can be seen in the variation of the sensor characteristics (working range and quenching constant, K′) due to the different concentrations of NaTPB. In Table 1 , the fluorescence quenching constants for four membrane (M1, M2, M3, M4) were obtained according to Eq. (7). Obviously, membrane 3 emerged as the best in terms of the fluorescence quenching constant (K′) and linear range for the assay of berberine.
Changing the amount of the sensing material may also alter the sensor characteristics. In order to reduce the interchain interaction of the PDPA and obtain the maximum response to the analyte, 4.0 mg of PDPA versus 50 mg PVC was used.
Appropriately, plasticizers must be selected so as to obtain a transparent and flexible membrane, which has the best response to berberine. Different plasticizers, such as bis(2-ethylhexyl)-sebacate (DOS), bis(2-ethylhexyl)phthalate (DOP) and 2-nitrophenyloctylether (NPOE), were chosen. A membrane containing DOS gives the maximum sensitivity to berberine. The optimum ratio of DOS to PVC was 2:1 (w/w).
Effect of the pH
In order to obtain the optimum experimental conditions, the influence of the pH was investigated with 7.5 × 10 -5 mol l -1 and 1.5 × 10 -5 mol l -1 of berberine exposed to an optode membrane, respectively. The result showed that the α value for berberine at pH 4 -10 was almost constant. In this study, a pH 4.70 NaAc-HAc buffer solution was selected for the determination of berberine.
Reversibility and response time
It is important to note that the response of the optimized optode membrane can in fact be reversed by exposing it to a buffer solution. Figure 5 shows the fluorescence intensity response as a function of the exposure time of the optode membrane to berberine solutions with different concentrations. The results indicated that the optode could be reversible. From  Fig. 5 , it could also be seen that the response time of the optode depends on the concentration of the berberine sample. A stable reading was obtained within 30 s.
Reproducibility and stability
The reproducibility of the optode membrane was evaluated by repetitively exposing it to 1.0 × 10 -5 mol l -1 and 1.0 × 10 -4 mol l -1 of berberine. The relative standard deviations in the fluorescence intensities recorded from 20 consecutive measurements were 0.97% and 0.62%, respectively. The optode showed good reproducibility in the detection of berberine. During the time period there was no evidence of any significant leakage of the reagent from the membrane or change in the response. When the optode membrane was immersed in HAc-NaAc for one month, the fluorescence intensity was reduced by no more than 5%.
Selectivity
Some common substances were examined as possible interferents in the determination of 2.0 × 10 -5 mol l -1 berberine by the optode membrane. They influenced the fluorescence signal via their effects on the extraction of the berberine into the membrane, the interaction between berberine and PDPA or the interchain interaction (usual phenomena of a conjugated polymer in a bulk material) 23 of the conjugated polymer. The small negative deviation may largely originate from the former factors, while the minor positive deviation may mainly come from slightly decreasing the interchain interaction of the conjugated polymer.
Certainly, the interferents with fluorescence (such as Vitamin B1) may increase the signal to some extent. From the results summarized in Table 2 , it can be seen that common ions did not have any significant effect on the fluorescence intensity; also, various drugs and some organic compounds did not interfere. There are many factors leading to the high selectivity for berberine, such as selective extraction, the special structure of berberine and its special interaction with PDPA. The actual mechanism involving high selectivity requires further investigation. The optode showed sufficient selectivity toward berberine, making it feasible for practical applications in pharmaceutical analysis.
Preliminary application
The main purpose of this investigation was to use the proposed optode for the direct determination of berberine in pharmaceutical preparations. Table 3 shows that the results obtained by this method are in reasonable agreement with those given by pharmacopoeial method. 24 
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